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Characteristics of left ventricular filling in
coronary artery disease and myocardial ischaemia
after dipyridamole provocation

Manjit Shahi, Aleksandar Nadazdin, Rodney A Foale

Abstract
Doppler echocardiographic measure-
ment of transmitral filling velocities
seems to be a sensitive marker for
resting left ventricular diastolic
abnormalities in patients with coronary
artery disease. The behaviour of these
filling velocities during induced myo-
cardial ischaemia, however, has not been
fully studied. Left ventricular filling was
assessed by pulsed Doppler ultrasound
in 21 patients with angina pectoris and
coronary artery disease and in five
controls (patients with chest pain but
without myocardial ischaemia). High
dose dipyridamole infusion (0 9 mg/kg
over 10 minutes) was used to provoke
myocardial ischaemia, which was
assessed by symptoms and electro-
cardiographic ST segment change.
Doppler indices of diastolic filling were
measured and the results expressed as
percentage change from baseline values.
Dipyridamole increased the heart rate
and reduced systolic blood pressure
equally in both groups. In the controls
dipyridamole increased the peak filling
velocities of both the early and atrial
filling waves. In the 12 patients with
coronary artery disease who did not
develop evidence of myocardial
ischaemia, the effect on left ventricular
filling velocity resembled that in the
controls though the time to peak change
was delayed. Six of the nine patients with
dipyridamole induced myocardial
ischaemia had a significantly reduced
maximum changes in early (+ 30% v
+ 18%) and atrial (- 0-2% v + 33%) filling
velocities compared with the controls.
The remaining three patients had a
decrease in early filling velocity (-20%)
with an associated increase in atrial peak
filling velocity ( + 21%).
Dipyridamole increased diastolic filling

velocities in the controls. In patients with
coronary artery disease there was a
variable change in diastolic filling indices
which may be attributed either to the
degree of myocardial ischaemia or to the
different haemodynamic changes occur-
ring during myocardial ischaemia.

Transmitral pulsed Doppler ultrasound con-
firmed resting abnormalities of diastolic func-
tion in patients with coronary artery disease.`'

These were a decrease in the peak velocity of
the early filling wave together with an increase
in peak velocity of the atrial filling wave;
changes which in a simple form may be
equated with a decrease in left ventricular
compliance. This reversal of the normal filling
pattern was also seen in those cardiac condi-
tions in which there is evidence of hyper-
trophy or fibrosis of the left ventricle.' In
patients with coronary artery disease this find-
ing has been attributed to the presence of left
ventricular fibrosis caused by infarction below
the thresholds of clinical diagnosis or perhaps
subsequent upon recurrent episodes of
ischaemia.
During provoked myocardial ischaemia an

increase in left ventricular diastolic pressure
may lead to a decrease in the transmitral
pressure gradient and would therefore be
expected to decrease further the peak velocity
of the early filling wave. Such changes have
been shown in animal models78 and also in
humans,9" when during angioplasty of the
left anterior descending coronary artery early
peak flow velocity fell and atrial velocity
increased. In these reports ischaemia was
induced by abrupt occlusion of coronary flow
by the balloon procedure but it is not known
whether these changes occur during demand
provoked myocardial ischaemia. This in part
is because of the technical difficulties of
recording and analysing transmitral Doppler
signals during exercise.
As an alternative to exercise dipyridamole

can be used to provoke myocardial ischaemia.
Dipyridamole is a potent coronary arteriolar
vasodilator when it is infused intravenously
and it causes myocardial ischaemia possibly
by a mechanism of coronary steal.'2
The aim of this study was first to examine

left ventricular filling characteristics by
transmitral pulsed Doppler ultrasound during
infusion of dipyridamole in controls and in
patients with coronary artery disease and
secondly to observe the behaviour of left
ventricular filling indices in those patients in
whom myocardial ischaemia developed.

Patients and methods
CONTROLS
We studied five controls (mean age 45, range
30-63 years; three men and two women) who
presented with chest pain atypical of myo-
cardial ischaemia. In each the resting elec-
trocardiogram was normal and the results of
treadmill exercise testing by Bruce's standard
protocol showed no ischaemic response.
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Echocardiography with particular reference to
left ventricular anatomy was normal. Each
patient underwent coronary angiography and
left ventriculography at the time of left heart
catheterisation to confirm that left ventricular
function and the epicardial coronary vessels
were normal.

PATIENTS
We studied 21 patients (mean age 58, range
50-70 years; 13 men and eight women) who
presented with chest pain typical of angina
pectoris with ST segment depression and chest
pain during treadmill exercise testing by
Bruce's standard protocol. All patients had
normal left ventricular systolic function on
echocardiography with no global or regional
wall motion abnormality and no left ventricular
hypertrophy. Each patient underwent coron-
ary arteriography and left ventriculography
and had at least one major stenosis ofa coronary
vessel (>70% reduction in lumen diameter
from one or more projections or > 50% from
two or more angiographic projections). All
patients had angiographically confirmed
normal left ventricular function and no
evidence of mitral regurgitation or aortic valve
disease. Table 1 shows the patient characteris-
tics of both groups.
The controls were studied without medica-

tion. Patients in the study group who were
taking # blockers and calcium antagonists were
treated with sublingual glyceryl trinitrate
instead of their normal medication for three
days before the study. No drugs were taken on
the study day. The study protocol was
approved by the hospital ethics committee and
written consent was obtained from all patients.

STUDY PROTOCOL
All patients were studied in the supine left

lateral position by combined Doppler and cross
sectional echocardiography with a 3-5 MHz
transducer (General Electric Pass 11). Trans-
mitral flow velocities were recorded by pulsed
Doppler from the apical transducer position in
a four chamber view with reference to the
mitral inflow. From this position the Doppler
sample volume was placed at the level of the
mitral annulus and parallel to the mitral inflow.
We kept the sample volume in a consistent
position below the mitral valve apparatus. All
recordings were performed during passive held
expiration with simultaneous imaging of the
left ventricle and lead II of the electro-
cardiogram.

Recordings of transmitral flow velocities
were performed for five minutes to obtain
baseline values. Dipyridamole was then
infused via an antecubital vein at a dose of 06
mg/kg over four minutes followed by a dose of
0-3 mg/kg commencing at eight minutes for a
further two minutes. Doppler recordings were
taken for approximately 15 seconds every min-
ute during and after the infusion for a total of 20
minutes. Aminophylline (50-250 mg) was
given by intravenous injection at the end of the
procedure or earlier if chest pain or ST
segment depression occurred.
Throughout the 20 minute procedure,

automated measurements of heart rate, blood
pressure, and 12 lead electrocardiograms were
taken every two minutes. In the controls during
dipyridamole infusion the mean (1 SD) maxi-
mum heart rate increase was + 27 (7)% and the
maximum fall in systolic blood pressure was
-10 (16)% compared with baseline values. In
the patients with coronary artery disease the
maximum heart rate increase was + 18 (10)%
and the maximum systolic blood pressure
decrease was -14 (10)% during dipyridamole
infusion compared with baseline values. Dif-

Table I Patient characteristics

Patient Age (yr) Sex CAD Exercise test (time to ST depression (min))

Controls
1 63 M None N
2 30 M None N
3 50 M None N
4 41 M None N
5 43 F None N

Patients with coronary artery disease
1 52 M Cx 6
2 56 M LAD + Cx 5
3 58 M LAD 6
4 54 M LAD 7
5 60 M RCA + Cx 6
6 51 M LAD 8
7 55 M LAD 11
8 60 M Cx 6
9 63 M LAD 4
10 51 M Cx 5
11 69 F LAD 6
12 57 M LAD 4
13 68 F LAD 2
14 70 F RCA 2
15 67 M LAD + RCA + Cx 4
16 50 M LAD + Cx 4
17 55 M LAD + RCA 5
18 55 M LAD + RCA 5
19 54 F Cx 3
20 60 M Cx 6
21 57 M RCA + Cx 6

CAD, coronary artery disease; Cx, circumflex artery; LAD, left anterior descending artery; N, no ST depression on exercise
testing; RCA, right coronary artery.
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values. Differences between the two groups
were not statistically significant.

ANALYSIS OF DATA
The peak flow velocities of both the early and
atrial filling waves were measured by one
observer using commercial software. The mean
of three consecutive cardiac cycles was taken of
the early and atrial filling indices for each of the
one minute interval recordings. The mean
velocities of the five minute preinfusion period
were taken as baseline measurements. To allow
direct comparison between individuals and
between groups we used the percentage change
ofboth early and atrial peak flow velocities from
baseline measurements in the analysis of the
data.
The 12 lead electrocardiograms were read by

one observer and ST segment depression of
greater than 1 mm in the chest or limb leads
compared with baseline recordings was regar-
ded as electrocardiographic evidence of
myocardial ischaemia.

REPRODUCIBILITY OF MEASUREMENTS
To determine the reproducibility of the
measurements of both peak early and atrial
velocities, the original observer analysed 12 one
minute interval recordings from 12 of the
Doppler studies on two separate occasions. A
linear correlation was calculated for the paired
observations and the coefficient of variance was
used to determine the intraobserver variation.

STATISTICAL ANALYSIS
All results were expressed as mean (1 SD). We
used Student's two tailed t test (unpaired) to
test the differences between groups; a p value
< 0 05 was regarded as significant.

Results
CLINICAL RESPONSE
None of the controls (group 1) developed chest
pain or electrocardiographic change during
infusion of dipyridamole. Nor did 12 of the 21
patients with coronary artery disease (group 2).
Nine of 21 patients (group 3) developed
significant ST segment depression typical of
myocardial ischaemia and, of these, six
experienced their typical chest pain usually
associated with effort. No patient had chest pain
without electrocardiographic changes during
dipyridamole infusion.

LEFT VENTRICULAR FILLING CHARACTERISTICS
The results of the Doppler study were analysed
for left ventricular filling changes during
infusion of dipyridamole. Figure IA shows the
effect of dipyridamole on left ventricular filling
in group 1. In general there was an initial rapid
increase in both peak early and atrial filling
velocities with a maximum change in both
velocities shortly after the first infusion of
dipyridamole. The peak velocities then
gradually decreased but did not reach baseline
values at the end of the study period.

In most ofthe patients in group 2 the changes
in both early and atrial filling velocities were
similar to the changes in group 1. However,
filling velocity changes reached a maximum
after the second infusion of dipyridamole (Fig
1B). Patients in group 3 had two different left
ventricular filling characteristics. Six ofthe nine
patients (group 3A) showed a reduced maxi-
mum change in both early and atrial filling
velocities compared with most ofthe patients in
groups 1 and 2 (Fig 1C). The remaining three
patients (group 3B) had a decrease in maximum
change in early filling velocity accompanied by
an increase in atrial filling velocity (Fig 1D).

Figure 1 Mean
percentage change and
standard error of both
early and atrialfilling
velocities during the study
period. The stippled box is
thefirst infusion of
dipyridamole and the
hatched box is the second
infusion of dipyridamole.
PFVA, peak flow velocity
of atrialfilling wave;
PFVE, peakflow velocity
of earlyfilling wave.
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Table 2 Maximum filling velocities

% HR % BP Eb (cm/s) E. (cm/s) % E Ab (cm/s) A. (cm/s) % A EIAb EIAt % E/A

Group 1:
1 19 39 31 48 55 56 72 30 0-56 0-67 18
2 28 6 70 88 25 45 79 75 1-56 1 11 41
3 24 0 45 51 15 67 80 20 0-67 0-64 -4
4 25 3 60 76 26 78 85 9 0-78 0 9 15
5 37 4 59 77 30 60 89 29 0-98 0-78 20

Group 2:
1 40 17 72 91 27 63 82 29 1*13 1 0 -11
2 21 16 46 68 47 58 81 39 0-73 0-84 15
3 1 1 6 28 35 24 44 56 27 0-62 0-62 0
4 21 0 43 67 57 56 84 49 0-76 0-8 5
5 7 13 50 62 24 66 77 16 0-75 0-8 6
6 35 0 50 79 59 56 80 42 0 89 1 0 12
7 12 36 46 62 34 59 71 22 0-78 0-87 1 1
8 12 3 50 55 8 63 58 -17 0-81 0-95 17
9 15 0 38 59 54 49 59 21 0 78 1.0 28
10 17 19 58 69 20 72 75 3 0-8 0-93 16
1 1 25 1 1 37 59 62 77 98 27 0 47 0-6 28
12 32 10 62 78 26 59 79 34 1 04 0-98 -5

Group 3A:
1 19 22 45 50 1 1 37 33 -11 1-2 1-5 25
2 28 13 47 52 10 85 81 -4 0-56 0-64 14
3 21 36 47 64 37 54 66 23 0-87 0-97 1 1
4 2 24 45 58 29 88 82 -8 0-55 0-66 20
5 18 12 41 47 9 74 73 - 1 0-56 0 65 16
6 11 24 51 56 9 62 62 0 0-83 0 93 12

Group 3B:
1 5 6 78 58 -25 52 54 4 1-52 1-08 -29
2 21 12 79 63 -20 31 36 16 2-55 1-74 -32
3 24 13 92 79 -14 36 52 44 2-54 1-52 -40

% HR, maximum percentage increase in heart rate; % BP, maximum percentage decrease in systolic blood pressure; Eb, baseline
early filling velocity; Ab, baseline atrial filling velocity; E/Ab, baseline ratio of early and atrial filling velocities; E., maximum early
filling velocity; A., maximum atrial filling velocity; E/A., maximum ratio of early and atrial filling velocities; % E, % A, % E/A,
percentage change from baseline.

INTRAOBSERVER VARIABILITY OF DOPPLER
MEASUREMENTS
There was a strong linear correlation for
repeated measurements ofpeak early and filling
velocities (r2 = 0-99 and r2 - 0-98
respectively). The intraobserver variation for
repeated measurements gave a coefficient of
variance of 1-2% for peak early velocity and
1-4% for peak atrial velocity.

DOPPLER ANALYSIS AND CHANGES DURING
MYOCARDIAL ISCHAEMIA
Table 2 shows the individual values for the
haemodynamic changes during dipyridamole
infusion and the early and atrial filling velocities
and the E/A ratio at baseline and when the
maximum early filling velocity was achieved in
the study population.
The percentage change in early filling

velocity in group 1 and group 2 patients (30 2
(15) and 36 8 (18) respectively) was significantly
higher than in group 3A patients (18 5 (12);
p < 0.05) and all these values were significantly
different from the value in group 3B (- 19 7
(5 5); p < 0 01). The percentage increase in
atrial filling was similar in group 1, group 2, and
group 3B patients (32-6 (25), 25-2 (15-9), and
21-3 (20 5)) and all were higher than in the
group 3A patients (- 0-2 (12- 1); p < 0-05). The
percentage change in E/A ratio in group 3B
(-33 3 (5-7) was significantly lower than in
group 1, group 2, and group 3A patients (18
(16), 102 (11-9), and 16-3 (5 3); p < 0-01)
(fig 2).

Discussion
Left ventricular filling is a complex process that

is governed by several interdependent varia-
bles. Theoretically it is regulated by the
atrioventricular pressure difference generated
by the elastic recoil of the left ventricle in
diastole. The use of transmitral Doppler
ultrasound to measure peak filling velocities,
which are directly proportional to the atrio-
ventricular difference, therefore allows non-
invasive assessment of left ventricular filling."3
The atrioventricular pressure difference,
however, is influenced by left atrial pressure,
rate of relaxation, left ventricular end systolic
volume, and left ventricular and left atrial
compliance"" and therefore its usefulness as
an index of diastolic function is thus dependent
on the interpretation of these factors.
We studied the effects of dipyridamole

infusion on left ventricular filling in controls
and patients with coronary artery disease.
Dipyridamole is known significantly to increase
coronary blood flow and to provoke myocardial
ischaemia mainly by a mechanism of coronary
steal but also by slightly increasing myocardial
oxygen consumption."2 In the controls (group
1) the increased coronary flow induced by
dipyridamole increased both early and atrial
filling velocities. The concept that increased left
ventricular filling velocities correlate to an

increase in coronary flow accords with previous
studies that showed similar favourable changes
when coronary flow was improved to normal
values by either aortocoronary artery bypass
grafts'7 or successful coronary angioplasty.'8
The increase in early filling velocities con-

sequent upon increased coronary flow in the
controls can be explained by the haemo-
dynamic events that take place during
dipyridamole infusion. Picano et al showed that
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Figure 2 Percentage change of earlyfilling velocity (A),
atrialfilling velocity (B), and EIA ratio (C) from
baseline to the time maximum earlyfilling velocity was
achieved in group 1, group 2, group 3A, andgroup 3B
patients. The open symbols are individual data points and
the solid symbols are the mean values for each group.

during dipyridamole infusion both left ven-

tricular contractility (positive dP/dt) and left
ventricular relaxation (negative dP/dt) are

increased whereas right ventricular pressures

remain the same.'9 The overall effect is that left
ventricular relaxation is faster and more com-

plete; this enhances the atrioventricular pres-

sure difference and consequently increases the
early peak filling velocity.

In patients with coronary artery disease the
left ventricular filling response fell into three
broadly based categories. These categories
represented a continuum from a normal res-

ponse to a severe disturbance of left ventricular
filling. The first resembled that in the controls
and occurred in patients who did not develop
electrocardiographic changes of myocardial
ischaemia (group 2). In these patients there was
a large increase in both early and atrial filling
velocities. The second response occurred in
six of the nine patients (group 3A) with
dipyridamole provoked myocardial ischaemia.
In this group most ofthe patients had a reduced
but still positive change in maximum early
filling velocity compared with the controls.
This finding might suggest that these patients
initially increased their coronary blood flow and
that after the onset of myocardial ischaemia a

decrease in the atrioventricular pressure dif-
ference limited any further rise in the early
peak flow velocity. This hypothesis is supported
by earlier studies which showed that during
myocardial ischaemia the rate of relaxation
(tau) is prolonged and because this also affects
the atrioventricular pressure difference, peak
flow velocity falls.20 2' The reduced atrial filling

velocities in these patients may be due to a

failure of the normal atrial compensatory
mechanism to maintain stroke volume in the
presence of a reduced early peak filling rate and
therefore possibly a reflection of decreased left
atrial or left ventricular compliance or both.
The third response was that observed in

patients of group 3B, in whom the early filling
velocity decreased despite a theoretical increase
in coronary flow during dipyridamole infusion.
These patients seem to represent a group who
develop more pronounced myocardial
ischaemia and have a similar response to that
seen when coronary vessels are occluded
during balloon angioplasty.9

In the study from Lattanzi and coworkers
similar changes were seen in transmitral flow
velocities in patients with coronary artery
disease who developed regional wall motion
abnormalities during infusion of di-
pyridamole.22 However, using a lower dose of
dipyridamole, Grayburn et al were unable to
record any differences in left ventricular filling
for patients with coronary artery disease des-
pite the documentation of dipyridamole
induced thallium defects.23 This group,
however, only obtained one measurement of
the transmitral flow velocities at an arbitrary
time after dipyridamole infusion.

Despite the significant differences in left ven-
tricular filling velocities between patients who
did develop myocardial ischaemia and those
who did not, there was some overlap between
these groups. This implies that in individual
patients, changes in left ventricular filling
velocities during dipyridamole infusion could

80

60-

40.

c 20

o 0.

-20

-40.

-60

0 pCO-01

Eli
O1

80-

60-

40-

: 20CD 0

-20

-40

-60

a

Group 1 Group2 Group 3A Group 3B

269

I

I



Shahi, Nadazdin, Foale

not with certainty predict whether myocardial
ischaemia had occurred. If an earlier and more
sensitive marker of myocardial ischaemia such
as echocardiographic assessment of regional
wall motion2425 had been used, however, it is
possible that myocardial ischaemia may have
occurred in some of the patients in whom ST
segment depression did not develop (patients 8
and 10, group 2, table 2) but who had similar
left ventricular filling velocities to patients who
did (group 3A).

LIMITATIONS OF THE STUDY
Though no significant difference was seen in
the haemodynamic changes produced by the
infusion of dipyridamole in the two study
groups, there was considerable variation bet-
ween the subgroups particularly with respect to
the blood pressure response and this might
account for the observed changes in left ven-
tricular filling. The effects ofan acute reduction
in blood pressure on left ventricular filling in
patients with coronary artery disease has not
been studied but indirect evidence from several
investigators showed that reducing blood
pressure in hypertensive patients26 or acutely
increasing blood pressure in normal
individuals27 had no effect on Doppler indices
of left ventricular filling.
Another limitation of the study was that

further valuable information derived from both
the early and atrial filling waveforms could not
be accurately analysed because the increase in
heart rate induced by dipyridamole caused the
waveforms to merge. The flow velocity integral
gives a reliable estimate of cardiac output28 and
would have given valuable information in our
patients on whether total cardiac output or
the relative proportions of early and late
transmitral volume flow were altered by
dipyridamole infusion. The deceleration time
ofthe early filling wave is known to be increased
in patients with coronary artery disease29 and
may have further increased during myocardial
ischaemia. However, even with these limita-
tions we obtained useful information from peak
flow velocities of both early and atrial filling
waves during dipyridamole infusion which
could not be obtained during exercise because
the heart rates required to provoke myocardial
ischaemia would have precluded even the
measurements of peak flow velocities.

In conclusion, our study showed that
dipyridamole increased the left ventricular fill-
ing velocities in the controls. In those patients
who developed myocardial ischaemia, two
distinct responses were seen which may be
attributed either to the degree of myocardial
ischaemia or to different haemodynamic
changes occurring during myocardial
ischaemia.
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